Abstract. Only five synaptonemal complexes (SC), representing the 5 autosomes, are present in wild-type, him-4 and him-8, Caenorhabditis elegans males, whereas there are six SCs, accounting for 5 autosomal bivalents and the XX bivalent, in the C. elegans hermaphrodite. The univalent X chromosome of the male is present as a heterochromatic 'X-body' in spermatocyte pachytene nuclei. The XX bivalent in wildtype, him-4 and him-8 hermaphrodites (SCI, 2.5 gm in length) represented 6% of the total karyotype length and a SC of this size is missing from the respective male karyotypes. This corresponds with the fact that the total male karyotype length is only approximately 94% that of the hermaphrodite. Associated with the central element of the SC are structures termed 'SC knobs' that were first described in the wildtype hermaphrodite. The six SC knobs present in the wild-type hermaphrodite oocyte pachytene nuclei and the two SC knobs in the male spermatocyte pachytene nuclei are apparently randomly placed with the exception that they are never found at the ends of the SC. This is also true in him-4 and him-8 in which case there are 3 and zero SC knobs in the hermaphrodites, respectively, and one SC knob each in the male pachytene nuclei. The decrease in number of SC knobs in hermaphrodite to male represents a true sex difference. The presence or absence of the SC knobs may influence the X chromosome nondisjunction process and this effect is not localized to the region of the SC on which the SC knob is located.
Introduction
Cytogenetic studies have revealed that the chromosomal complement of the hermaphroditic form of the free-living nematode Caenorhabditis elegans (5 autosomes and XX) differs from the male form (5 autosomes and XO) (Nigon and Brun, 1955) . Due to the small size of the chromosomes (1 gm 0009-5915/82/0086/0577/$03.40 in length) differences between the autosomes and/or the X chromosome cannot be determined by light microscopic analysis. Males arise as a result of X chromosome nondisjunction and occur infrequently (0.1%) (Hirsh et al., 1976) . In the population, however, there are mutant strains (him) that produce a high incidence of males (up to 37%, Hodgkin et al., 1979) . Examination of the behavior of the bivalent X chromosome in the hermaphrodite and the univalent X chromosome in the male may lead to the determination of the control mechanism of the X chromosome. Genetic studies have suggested that the X chromosome is subject to independent control during meiosis (Hodgkin et al., 1979) .
Since the chromosomes are minute in size, electron microscopic analysis is essential to study their structure. This type of study is enhanced by analysis of serial sections when chromosomes are near maximum length and when pairing of homologous chromosomes permits differentiation of structure and behavior. For these reasons, the pachytene stage of meiotic prophase is selected for study. A change in the morphology of the synaptonemal complex (SC), the tripartite proteinaceous structure that forms between homologues, suggests a change in function. Since the SC is also important in the desynapsis event of late prophase (Westergaard and von Wettstein, 1970) abnormalities of SC structure may affect its function with a resultant increase in nondisjunction of the chromosomes. Because males occur as a result of X chromosome nondisjunction, any changes in SC structure that may exist should be present in both hermaphrodites and males since genetic evidence suggests that nondisjunction also occurs in the male (Hodgkin et al., 1979) .
To examine the relationship of the behavior of the X chromosome as a univalent in the male and as a bivalent in the hermaphrodite, the pachytene karyotypes of wild-type him-4 and him-8, hermaphrodites and males were analyzed. Most him (high incidence of males) mutants map on autosomes, thus, they have a trans effect on X chromosome nondisjunction. The mutant him-8 maps on Linkage Group IV and exhibits a high rate (37%) of X chromosome nondisjunction (Hodgkin et al., 1979) . The mutation appears to have a more severe effect in oogenesis than in spermatogenesis as related to rate of frequency of nondisjunction. Thus, it seems to reduce recombination on the X chromosome and this may result in an increased rate of nondisjunction. A similar situation occurs in recombination defective mutants in Drosophila where nondisjoining X chromosomes have a tendency to be nonrecombinant (Baker and Hall, 1976) . The mutant him-4 maps on the X chromosome and exhibits a lower rate of X chromosome nondisjunction (6%) than many of the other him strains (Hodgkin et al., 1979) . This may be surprising because the mutation may be expected to be cis acting yet it is also a recessive. Analysis of the mutant may be further complicated because it also displays pleiotropic developmental defects.
The current study examines the pachytene karyotypes of males of wildtype, him-4 and him-8 and includes identification of the heterochromatic, univalent X chromosome. This study also includes the analysis of the pachytene karyotypes of wild-type, him-4 and him-8 hermaphrodites, both at early and mid-late pachytene. The him-4 mutant (which maps on the X chromosome) can thus be examined in the hemizygous (XO) and homozygous (XX) conditions. This comparison may lead to detection of differences in the behavior and/or structure of the X chromosome. The frequency and distribution of the "Synaptonemal Complex Knobs" (Goldstein and Slaton, 1982) were examined from zygotene to early diplotene in the hermaphrodites and at mid-pachytene in the males. These SC knobs may have an essential role in the selective nondisjunction of the X chromosome.
Materials and Methods
Techniques for electron microscopy and serial section analysis have been previously described (Goldstein and Slaton, 1982) . The him-4 and him-8 mutants were supplied by the Caenorhabditis Genetics Center.
Four pachytene nuclei were completely reconstructed from electron microscopy of serial section from four different hermaphrodites of both him-4 and him-8. At least five additional nuclei were examined in the electron microscope to determine the exact number of SC knobs per nucleus.
In addition to the four pachytene nuclei of wild-type, him-4 and him-8 males completely reconstructed from serial sections, four other nuclei were examined from each strain to determine the number of SC knobs and volume of the X-body.
Results
Males." The male reproductive structure consists of a single tube in which successive stages of meiosis are present (Wolf et al., 1978) . This is in contrast to the structure of the hermaphrodite, which is comprised of two tracts with a common vulva and functions as an ovotestis (Hirsh et al., 1976) . In the testis, the spermatocyte pachytene nuclei are arranged peripherally around a central rachis (Wolf et al., 1978, Goldstein and Slaton, 1982) while at both earlier and later stages of prophase this arrangement of the nuclei is not observed. The peripheral arrangement of pachytene nuclei around a central rachis is common in nematodes, e.g. Ascaris (Goldstein, 1977) , Meloidogyne Triantaphyllou, 1978 a, 1980 b) and Heterodera (Goldstein and Triantaphyllou, 1979) . Within the pachytene nuclei, tripartite synaptonemal complexes (SC) are present consisting of two lateral elements (each 35 ~tm) and a striated central element (20 ~tm) (Goldstein and Slaton, 1982) . The five SCs, as compared to six SCs in the hermaphrodite oocyte (Figs. 1, 2) pachytene nuclei, can be followed along the entire length of the bivalents (Fig. 3) . One end only of the SC is attached to the nuclear envelop and the other end is free in the nucleoplasm (Fig. 3) . This is similar to all other nematodes previously examined (for review see Goldstein, 1981) . There is no bouquet formation of the SC ends and this is probably the result of the singular attachment of the SC to the nuclear envelop. The average karotype length in wild-type is 35.5 ~m, in him-4 it is 36.5 ~tm and (Table 1) . A structure present only in the spermatocyte nucleus but absent from the hermaphrodite nucleus is here termed the 'X-body' and it represents the missing SC of the spermatocyte karyotype (as compared to the hermaph- rodite karyotype). The X chromosome is present as a univalent in the XO male and this is similar to the univalent sex chromosomes in Ascaris which are also heterochromatic during pachytene (Goldstein, 1978) . In the C. elegans wild-type hermaphrodite, SC #1 (2.5 pm in length) was suggested to be the XX bivalent (Goldstein and Slaton, 1982) and it is this SC that is missing from the male karyotype. The X-body, in all 3 strains, is 0.1 pm 3 in volume and persists through 6-8 serial sections (Figs. 4 and 5), whereas a region of SC only persists from 1-2 serial sections. In all 3 strains the X-body is associated with the nucleolus, but does not touch it, for only the chromosome carrying the nucleolus organizer region (NOR) comes in contact with the nucleolus. The N O R in wild-type and him-8 is located on SC (/4 (Tables 2, 3) and is located at 72% to 78% from the attached end of the SC. In the hermaphrodite, the NOR was located at either end of the SC which suggested that either end of the SC could attach to the nuclear envelop (due to the switch in position of a fixed marker on the SC). This was similar to the situation observed in other nematodes, e.g. Heterodera Triantaphyllou, 1979, 1980) and Meloidogyne Triantaphyllou, 1978 b, 1981) . The observation here that the NOR does not change its position on the SC, relative to the attached end may suggest that one end of this SC is more likely to attach to the nuclear envelop then the other end. However, this has not been quantitatively analysed in this study. The NOR in him-4 could not be recognized, similar to the situation in the hermaphrodite.
Each wild-type spermatocyte nucleus has one large nucleolus that occupies an average of 38% of the total nuclear volume (Table 3) which compares with 44% from the hermaphrodite. The large nucleolus was reported by Nigon and Brun (1955) , however, no special function has been associated with its unusual size.
Unique structures, termed 'SC knobs' (Goldstein and Slaton, 1982) were first observed in the wild-type hermaphrodite and it was determined that (Figs. 3, 6 ) and they are distributed randomly along the SCs, excluding SC #4 which carries the NOR (Table 2) . This difference in the number of SC knobs between the male and hermaphrodite represents a true sex difference. As in the hermaphrodite, the SC knobs are never found at the ends of the SCs. In the pachytene nuclei of him-4 and him-8 males, one SCK was present (Table 3) as compared with three and no SCKs in each respective hermaphrodite (Table 1 ).
An extensive search was conducted to determine if'recombination nodules' (RN) were present in the spermatocyte pachytene nuclei of any of the 3 strains. As in the hermaphrodites, RNs were not observed in the males during all stages of pachytene. RNs have been reported in nematodes, e.g. Meloidogyne Triantaphyllou, 1978 a, b, 1981) and possibly Ascaris (Bogdanov, 1977) , however, they are absent in the nematode Heterodera Triantaphyllou, 1979, 1980) .
Hermaphrodites." Wild-type, him-4 and him-8
The him-4 and him-8 mutants of C. elegans have six, tripartite synaptonemal complexes (SC) that can be followed for their entire length. Thus, n= 6 in each strain and this is identical to the situation in the wild-type hermaphrodite (Goldstein and Slaton, 1982) (Tables 1, 4 ). In him-4, the SC lengths range from 2.4 to 10.2 gm and in him-8 from 2.3 to 10.8 pm (Table 1) . This compares to lengths of 2.5 to 11.0 gm in wild-type. The average karyotype length in him-4 is 39.5 gm and in him-8 36.5 gm which compares to 38.5 gm in wild-type (Table 1) . There is no bouquet arrangement of SCs and each SC is attached at only one end to the nuclear envelop (Figs. 1,  2 ). The lengths of SCs at late pachytene-early diplotene are essentially the same with an average total of 40.1 txm in him-4, 36.6 gm in him-8 and 38.3 gm in wild-type (Table 4) . Identification of specific chromosomes is difficult if based only on length of the bivalent because of variance in lengths of middle-sized chromosomes. The shortest chromosome (# 1) (2.4 gm) can be identified in wild-type, him-4 and him-8 and is essentially the same length in all strains (Table 1, 4). In addition, SC # 1 never has any SC knobs associated with it, while some middle-sized chromosome do have SC knobs. The longest SC, # 6, always has the nucleolar organizer region (NOR) on it (as observed in wild-type and him-8, however, in him-4 the NOR was not clearly discernible). Associations between SC knobs and SC #6 are variable, thus, cannot be used as a reliable characteristic to identify SC #6. Two SC knobs are always found on SC # 5 in the pachytene stage in wild-type and him-4 and the SCs range in length from 8.4 to 8.7 gin. Such SC knobs are not present in him-8, No SC knobs were observed on SC #4 in him-4 although in the wild-type SC knobs were always present on SC #4. This may correlate with the 2 gm increase in length in SC #4 of him-4 as compared to wild-type. This represents a significant increase and may suggest that a chromosomal rearrangement has occurred which may partially explain the multiple phenotypes expressed by this mutant.
Analysis of SCs during late pachytene-early diplotene reveals that in him-4, SC #5 has one SC knob and SC #3 has the other SC knob. This occurred in two of the four nuclei reconstructed (Table 4 ) while in the remaining two nuclei the pattern observed during early pachytene was present (Table 1) . This may represent a chromosomal rearrangement since SC #5 in him-4 typically has two SC knobs (located one I, tm apart from each other).
The number of SC knobs in zygotene nuclei were also examined in wild-type, him-4 and him-8 and in all cases three SC knobs were present in him-4 nuclei, six SC knobs in wild-type and none in him-8. The relative positions of the SC knobs along the SCs could not be determined due to the characteristic lack of SC formation during zygotene in nematodes (Goldstein, 1981) . In addition, late pachytene-early diplotene nuclei were examined in all 3 strains for the presence of SC knobs. The late pachyteneearly diplotene stage was selected (as opposed to mid-diplotene) so that the SCs could still be followed intact, which allows for determination of distribution of the SC knobs along the SC. At this stage, the relative lengths of the SCs and the number of SC knobs remain constant when compared to early pachytene (Table 1, 4). At late diplotene, when only remnants of C. elegans wild-type hermaphrodite the SC remain where chiasmata have occurred (Goldstein and Slaton, 1982) , SC knobs were not observed in any of the strains.
Discussion
The X-Body in 
and him-8 Males
The C. elegans chromosome karyotype consists of six dot-like structures as viewed with the light microscope. The male is comprised of five autosomes and XO while the hermaphrodite has five autosomes and XX (Nigon and Brun, 1955) . This real chromosomal difference is defined clearly with the electron microscope, when after serial section analysis, it is shown that in the hermaphrodite there are six SCs and in the male there are only five SCs. This is quite different from other organisms, e.g. Ascaris, where n= 12 and 12 SCs are present in the male and female pachytene nuclei.
The Ascaris male also contains five additional heterochromatic 'y-bodies' (Goldstein and Moens, 1976; Goldstein, 1978 Goldstein, , 1981 . In Bombyx, both the homogametic male and the heterogametic female contain 28 SCs (Rasmussen, 1976; Holm and Rasmussen, 1980) . In C. elegans males, the missing SC, when compared to the hermaphrodite, is the heterochromatic, univalent 'X-body'. This X-body maintains a close association with the nucleolus and is consistent with the behavior of SC # 1 (XX bivalent) of the wild-type hermaphrodite (Goldstein and Slaton, 1982) and of him-4 and him-8 forms.
The XX bivalent in the hermaphrodite represented 6% of the total karyotype length, similar to the percent for sex chromatin in other organisms (Goldstein and Triantaphyllou, 1978 b) . That SC # 1 (2.5 gm in the hermaphrodite) is missing from the male karyotype accounts for the approximate 94% length of the male versus the hermaphrodite karyotype. Although the XX bivalent pairs synchronously with the autosomes in the hermaphrodite, the X-body remains heterochromatic throughhout pachytene until it decondenses at diplotene.
Relationship of SC Knobs to Recombination Nodules ?
Nodules or any associated structure on the SC receive close examination because a change in the morphology of the SC, which is highly conserved through evolution, may imply a change in function. The 'recombination nodule' (RN) has been shown to be intimately involved with the process of recombination by genetic correlation (for review see Holm and Rasmussen, 1980; Carpenter, 1981) , because it represents a site of DNA synthesis/ repair (Carpenter, 1981) and by their absence in recombination deficient systems (Goldstein and Triantaphyllou, 1978a; Rasmussen and Holm, 1978) . In fact, two types of nodules are present, i.e. spherical and elliptical, with one possibly relating to reciprocal exchange and the other to gene conversion (Carpenter, 1979; Gillies, 1979 ). An additional relationship of the RN with the SC is that it appears to stabilize its associated SC region such that precocious disjunction of the homologues does not occur. The RN thus serves to regulate or influence proper disjunction of the homo-logues . As pachytene progresses, there appears to be a mechanism by which the number of bivalents without RNs decreases with the corresponding result that occurrence of nondisjunction or precocious disjunction is decreased . In humans, for example, the short arms of acrocentric chromosomes lack RNs, thus primary nondisjunction is expected to involve acrocentric and sex bivalents more frequently than other bivalents (Holm et al., 1979) . This is supported by the correlation that 27% of early pachytene sex bivalents lacked RNs and 37% precociously separated X and Y chromosomes were observed.
The RNs produce a local effect on the region of the SC and this is important in considering them as a recombination associated structure. The overall influence of SC knobs on the meiotic chromosomes appears to be similar to RNs such that if SC knobs are absent nondisjunction occurs at high rates (as in him-8, 37%) and if SC knobs are present there is a very low rate of nondisjunction (0.1% in wild-type, 6 SC knobs). It is here that the relationship between these two SC associated structures ends. The number of RNs in most organisms where such structures have been reported, e.g. Sordaria (n= 7, 20 RNs, average karyotype length of 45 gm, Zickler and Sage, 1981) and Coprinus (n=13, 37 RNs, average karyotype length of 40 gin, varies throughout pachytene with stage related increases and decreases. In C. elegans, the number of SC knobs remains the same from zygotene through early diplotene. The average length of SC per RN in most organisms is from 1.3-3.0 gm, thus, using that value as a base figure one may expect 18-20 SC knobs for C. elegans (if SC knobs are similar to RNs in distribution). However, the observed frequencies are considerably lower. The morphology of RNs and SC knobs are not similar, although their association with the central element may suggest a relationship. The structure and morphology of the RN appears to be as highly conserved through evolution as the structure of the SC itself, such that it appears to have similar structure in such diverse organisms as Sordaria (Zickler, 1977) , Bombyx (Holm and Rasmussen, 1980) , Meloidogyne Triantaphyllou, 1978 a, 1981) and humans (Rasmussen and Holm, 1978) . That C. elegans has no RNs is similar to the situation in the nematode Heterodera Triantaphyllou, 1979, 1980) . The effect of the SC knob on the meiotic chromosomes is not localized and apparently specifically influences the X chromosome (SC # 1 in hermaphrodite) which does not have SC knobs, for these structures are limited to the autosomes. [In nucleus # 3 of wild-type hermaphrodite, Goldstein and Slaton (1982) reported an SC knob on SC #1. It is indeed present but it is the only time it has been observed on SC #1 and may be the result of a translocation.] Yet, it is X chromosome nondisjunction that occurs during the first meiotic division and not (usually) autosomal nondisjunction. This was reported by Hodgkin et al. (i979) whereby inviable zygotes (due to autosomal aneuploidy) were produced at a much lower rate than expected if the autosomes were disjoining at the same rate as the X chromsome. If the SC knob in C. elegans affected only the associated SC region, then the 2 or 3 autosomes that do not have a SC knob would have an equal chance to undergo nondisjunction as the X chromosome.
This clearly does not occur. The number of SC knobs present appears to be related to the percent of X-chromsome nondisjunction observed, such that in wild-type there are 6 knobs (0.1% nondisjunction); in him-8 there are no knobs (37% nondisjunction) and the intermediate case of him-4 has 3 knobs (6% nondisjunction). Thus, the primary effect of the SC knobs is on the X chromosome. This correlates well with the suggestion of Hodgkin et al. (1979) that the behavior of the X chromosome during meiosis is under independent control. The frequency of nondisjunction in the him-8 male is not as high as in the hermaphrodite because the sperm line is less affected than the egg line (Hodgkin et al., 1979) . This correlates well with the data presented here that SC knobs are absent from him-8 hermaphrodites yet one SC knob is present in him-8 males.
The cause and control of nondisjunction cannot be delineated here. However, the SC knobs may represent a region along the SC where the chromatin is not condensed and thus may be active in the synthesis of some product that preferentially influences the disjunction of the X chromosome. In older C. elegans, SC knobs are not present (P. Goldstein, unpublished data) and there is a corresponding increase in the rate of X chromosome nondisjunction (Rose and Baillie, 1979) . This increase in the rate of nondisjunction is presumably due to the lack of the product from the SC knob.
Future studies on the C. elegans SCs will concentrate on localization of specific gene duplications and other genetically defined translocations and deficiencies, e.g. MnDpl and MnT6. It will also be rewarding to examine the SC pachytene karyotypes of him-3 and hirn-6, which map near him-8 on Linkage Group IV.
